Ammoniibacillus agariperforans gen. nov., sp. nov., a thermophilic, agar-degrading bacterium isolated from compost
, was isolated from sewage sludge compost. According to phylogenetic analysis based on 16S rRNA gene sequences, strain FAB2 T belonged to the family Paenibacillaceae within the phylum Firmicutes. However, FAB2
T was different enough at the genus level from closely related species. The percentages of 16S rRNA gene sequence similarity with related organisms were 90.4 % for Thermobacillus xylanilyticus, 91.8 % for Paenibacillus barengoltzii, 89.4 % for Cohnella lupini, 90.1 % for Fontibacillus aquaticus, and 89.0 % for Saccharibacillus sacchari. Morphological and physiological analyses revealed that the strain was motile, rod-shaped, Gram-stain-positive, aerobic and able to form oval endospores in swollen sporangia. Ammonium was required as a nitrogen source while nitrate, nitrite, urea and glutamate were not utilized. Catalase and oxidase activities were weakly positive and positive, respectively. The bacterium grew in the temperature range of 50-65 6C and in media with pH 7.5 to 9.0. Optimal growth occurred at 60 6C and pH 8.0-8.6. Growth was inhibited at pH¡7.0 and NaCl concentrations ¢2.5 % (w/v). In chemotaxonomic characterization, MK-7 was identified as the dominant menaquinone. Major fatty acids were iso-C 16 : 0 and C 16 : 0 . Dominant polar lipids were diphosphatidylglycerol, phosphatidylglycerol and phosphatidylethanolamine. Phosphatidylcholine was present in a moderate amount. The diamino acid in the cell wall was meso-diaminopimelic acid. The G+C content of the genomic DNA was 49.5 mol% in a nucleic acid study. On the basis of genetic and phenotypic characteristics, strain FAB2 T (5NBRC 109510 T 5KCTC 33130 T ) showed characteristics suitable for classification as the type strain of a novel species of a new genus in the family Paenibacillaceae, for which the name Ammoniibacillus agariperforans gen. nov., sp. nov. is proposed.
Several types of agarase-producing bacteria able to degrade and utilize agar have been isolated, mostly from marine environments (Ohta et al., 2004; Bannikova et al., 2008; Miyazaki et al., 2008) . Agar is a polysaccharide produced by marine red algae and, therefore, it is reasonable that most agar-degrading bacteria might be marine inhabitants. By contrast, several agar-degrading bacteria have also been isolated from non-marine environments, including species of the genera Cytophaga and Alteromonas from freshwater (Agbo & Moss, 1979) , Spirochaeta alkalica from a soda lake (Zhilina et al., 1996) , and species of the genera Bacillus and Cytophaga, and Streptomyces coelicolor from soil environments (Stanier, 1942; van der Meulen et al., 1974; Hunger & Claus, 1978) . Recently we reported the presence of agardegrading bacteria in plant rhizospheres (Hosoda et al., 2003; Hosoda & Sakai, 2006) and in vegetative crop soil (Sakai et al., 2014) . Mucilage polysaccharides (structure unknown) secreted from plant roots contained abundant amount of galactose as a major component sugar (Chaboud & Rougier, 1984; Bacic et al., 1986; Moody et al., 1988; Knee et al., 2001) , suggesting that agar-like polysaccharides are present in plant rhizospheres and agricultural soil. Agardegrading enzymes produced from the bacterial isolates might degrade such polysaccharides also. Studies of agardegrading bacteria might provide some further insights into the ecology of non-marine, agar-degrading bacteria.
We isolated a novel agar-degrading bacterium from sewage sludge compost. The thermophilic, agarolytic isolate, designated strain FAB2 T , required ammonium as a nitrogen source while nitrate, nitrite, urea and glutamate were not utilized for growth, and showed optimal growth at 60 u C and pH 8.0-8.6. Based on the 16S rRNA gene sequence, strain FAB2
T was classified as a novel strain in the family Paenibacillaceae within the phylum Firmicutes, and was found to be distinctly different, at least at the genus level, from closely related species. The aim of this study was to determine the taxonomic status of this strain by using polyphasic approaches. Strain FAB2
T represents a novel species of a new genus, for which the name Ammoniibacillus agariperforans gen. nov., sp. nov. is proposed.
Strain FAB2
T , was isolated from sewage sludge compost manufactured commercially by a compost company located in Fukuoka city, Japan. We have no details of the composting operation and temporal variation during the manufacturing process except that the pH of the ready-made product was pH 7.8. A suspension of compost sample was serially diluted with the same buffer solution, and aliquots of the diluted suspensions were spread on B2A agar medium (5 g NaCl l , 20 g agar l
21
, pH adjusted to 8.1 with 1.0 M Na 2 CO 3 ). After incubation at 60 u C for 5 days, an agar-degrading bacterium was obtained by selecting colonies that depressed into the agar along the circumference, and the cells were restreaked on fresh B2A agar medium in order to obtain pure colonies of agar-degrading bacterium strain FAB2 T . DNA template was prepared according to the method described by Pitcher et al. (1989) . The 16S rRNA gene of strain FAB2
T was amplified with universal bacterial primers 27f (Escherichia coli position 9-27, 59-GAGTTTGATCCT-GGCTCAG-39) and 1525r (E. coli position 1543-1525, 59-AAAGGAGGTGATCCAGCC-39) and the following PCR conditions: 94 u C for 3 min (initial denaturation), followed by 30 cycles of 94 u C for 1 min, 54 u C for 1 min and 72 u C for 2 min, with the final extension step at 72 u C for 10 min. After purification of PCR products using a QIAquick PCR purification kit (Qiagen), the amplified 16S rRNA gene was partially sequenced (corresponding to positions 28-1524 of the E. coli 16S rRNA gene) with an ABI3500xl genetic analyser (Life technologies). BigDye terminator v3.1 was used for cycle sequencing (Life technologies). The resultant 16S rRNA gene sequence (1523 bp) was used for an initial similarity search against sequences in GenBank by using the BLAST program. The similarity search showed that the taxonomic status of the sequence obtained (1523 bp) was affiliated with the family Paenibacillaceae in the phylum Firmicutes. However, the most closely related bacteria were uncultured compost bacterium clone PS3139 (GenBank accession no. FN667436), uncultured bacterium clone SMG2 (AM930271) and uncultured bacterium clone Z146 (JN091906) with 100 %, 91.6 % and 91.3 % similarities, respectively. The sequences were obtained from pilot-scale municipal drum compost, a composting sample and switchgrass-adapted thermophilic consortia, respectively, indicating that strain FAB2
T might be widely distributed in compost-associated thermophilic habitats. The most closely related species, which had been isolated, were affiliated with the family Paenibacillaceae and the percentage of 16S rRNA gene sequence similarity between strain FAB2
T and these species was 90.4 % for Thermobacillus xylanilyticus, 91.8 % for Paenibacillus barengoltzii, 89.4 % for Cohnella lupini, 90.1 % for Fontibacillus aquaticus and 89.0 % for Saccharibacillus sacchari. Multiple sequence alignment was performed with sequences from species of the family Paenibacillaceae by using CLUSTAL W (Thompson et al., 1994) . Phylogenetic trees were reconstructed with two different methods, neighbour-joining (Saitou & Nei, 1987) and maximum-likelihood (Felsenstein, 1981) algorithms, using MEGA software version 5.2 (Tamura et al., 2011) for the analyses. Bootstrap analysis (Felsenstein, 1985) was used to evaluate the topology of the tree by 1000 resamplings. Phylogenetic analysis indicated that strain FAB2 T belonged to the family Paenibacillaceae (Fig. 1 ). The closely related species belonged to the genera Paenibacillus, Fontibacillus, Thermobacillus, Cohnella and Saccharibacillus. However, strain FAB2
T was different enough from any species, indicating that the strain was a representative of a novel species belonging to a new genus. The same result was obtained even in maximum-likelihood analysis (Fig. S1 , available in the online Supplementary Material).
To characterize strain FAB2
T physiologically and morphologically, standard tests were performed, based on the description of Logan et al. (2009) , including colony features, growth over a range of temperature, pH and NaCl concentration, respiratory quinone composition, Gram staining, catalase and oxidase activities, motility, cell morphology and spore formation. The following characteristics were also examined using cells at the beginning of stationary growth phase under optimum conditions: major quinone, major fatty acids, polar lipids profile, diamino acid in cell wall, DNA G+C content (mol%) and biochemical characteristics, utilization of carbon sources including citrate, acid production from D-glucose and hydrolysis of casein, gelatin and starch.
Growth of strain FAB2
T was investigated on B2G gellan gum medium (5 g glucose l formed on the B2G gellan gum medium after 5 days of incubation at 60 u C were smooth, circular, and white to pale-yellow in colour. Growth was observed at 50-65 u C with optimal growth at 60 u C in B2G liquid medium, while it was not observed at 45 u C or 70 u C. The strain grew in B2G liquid medium at pH 7.5-9.0 with optimal growth at pH 8.0-8.6. Doubling time was one hour at the exponential growth phase under optimum conditions. When 2.5 % (w/v) NaCl was added to the liquid medium, no growth was observed, while growth was observed in medium containing NaCl up to a final concentration of 2 % (w/v). Nitrate, nitrite, urea and glutamate were not used as a nitrogen source instead of NH 4 Cl, indicating that ammonium released during the compositing process promoted the growth of the strain. This characteristic might result in organification to avoid the loss of nitrogen source. On the B2G gellan gum medium, the bacterium grew aerobically but showed no growth under anaerobic conditions. Younger cells (first 5 days) stained Gram-positive, whereas older cells (after 10 days) stained Gram-negative. Cytochrome oxidase activity was detected by the method using oxidase-testing paper (Nissui pharmaceutical). The test for catalase activity was weakly positive, as indicated by the formation of bubbles in 3 % H 2 O 2 . The phenotypic features of strain FAB2
T are summarized in Table 1 together with data for closely related genera belonging to the family Paenibacillaceae. As shown in Table 1 , notable differences were observed in the growth temperature and pH. Strain FAB2 T grew at 65 u C, while no growth was observed among the members of related genera with the exception of Cohnella hongkongensis (Kämpfer et al., 2006) . In addition, the strain did not grow at pH 7.0, meanwhile other members of the family Paenibacillaceae can grow at this pH.
Motility, morphology, cell size, and spore formation were examined by using a phase-contrast microscope (Olympus) and a field emission scanning electron microscope, S-4100H (Hitachi High Technologies). For observation by scanning electron microscopy, cells at the beginning of stationary and death phases of growth, which were cultured under optimum conditions, were washed with 10 mM phosphate buffer (pH 8.1) and collected on 0.2 mm GTBF membrane filters (Merck Millipore). After freeze-drying, the cells were metal-coated with platinum and observed under high vacuum mode at 10 kV. Cells of the strain FAB2
T were motile, rod-shaped with a width of 0.2-0.4 mm and a length of 1.0-6.0 mm, and formed oval endospores in swollen sporangia (Fig. 2 ).
Quinones were extracted with chloroform/methanol (2 : 1, v/v) from cells cultured under optimum conditions. The extract was purified by the method described by Hiraishi et al. (1996) and analysed using a Shimadzu LC-10 HPLC system. Analysis of the respiratory quinone composition indicated that MK-7 was the major menaquinone, which is generally found in aerobic, endospore-forming rods (Touzel et al., 2000) . MK-7 is also detected as the major menaquinone in members of the order Bacillales, although a few exceptions have been found (De Vos, 2009 ) including Thermobacillus composti KWC4 T , which is a member of the family Paenibacillaceae and has MK-6 as a major menaquinone (Watanabe et al., 2007) . For analysis of whole-cell fatty acids, fatty acids were extracted from cells prepared using the same procedure as described above. After purification, the fatty acids were analysed using a GCbased Microbial Identification System (MIDI) with the TSBA40 of MIS standard libraries database. The fatty acid profile of FAB2
T was dominated by iso-C 16 : 0 (39.5 %) and C 16 : 0 (26.3 %). Other cellular fatty acids present at levels greater than 5 % included anteiso-C 17 : 0 (10.5 %) and anteiso-C 15 : 0 (6.6 %). The C 16 : 0 is commonly detected as a major fatty acid in closely related members of the family Paenibacillaceae (Table 2) , and iso-C 16 : 0 has been detected as the dominant fatty acid only in species of the genus Thermobacillus and a few species that belong to the genus Cohnella. By contrast, anteiso-C 15 : 0 is often detected as a dominant fatty acid in the closely related members of the family Paenibacillaceae; however, it was not the major fatty acid detected in this strain. Analysis of polar lipids was carried out by the DSMZ identification service (Braunschweig, Germany) after having prepared freezedried cells. The procedure was based on the protocol of Tindall (1990) . Strain FAB2 T displayed a lipid profile consisting of diphosphatidylglycerol (DPG), phosphatidylglycerol (PG) and phosphatidylethanolamine in dominant amounts, and phosphatidylcholine (PC) in a moderate amount. Two glycolipids, phosphoglycolipid (PGL), four phospholipids and an unknown lipid were also present (Fig. 3) . DPG is commonly found as a major polar lipid in the family Paenibacillaceae (Kämpfer et al., 2006) . PG is also observed in those genera that contain glycolipids GL1 or GL2 . As distinguishing lipids, strain FAB2
T contained PC and PGL, because these lipids have not been found in the closely related members of the family Paenibacillaceae except that PGL was only previously found in the members of the genus Saccharibacillus. On the contrary, aminophospholipids, which are commonly found in the closely related members of the family Paenibacillaceae T was distinguishable from those of members of the family Paenibacillaceae. The major diamino acid in the cell-wall peptidoglycan was analysed by TechnoSuruga Laboratory (Shizuoka, Japan). The procedure was based on the protocol of Komagata & Suzuki (1987) . Strain FAB2
T contained meso-diaminopimelic acid. This diamino acid has been commonly detected in some closely related species of the genera Cohnella (Khianngam et al., 2010a (Khianngam et al., , 2010b (Khianngam et al., , 2012 Hameed et al., 2013; Flores-Félix et al., 2014; Kämpfer et al., 2014; Huang et al., 2014) and Saccharibacillus (Yang et al., 2009) . Genomic DNA was prepared using the same method used for PCR amplification of the 16S rRNA gene. The extracted DNA was digested with nuclease P1 (Yamasa), and the G+C content (mol%) of the DNA was determined by HPLC (Katayama-Fujimura et al., 1984 , with the pH adjusted to 8.1 with 1.0 M Na 2 CO 3 . Incubation was carried out at 60 u C for 48 h by shaking at 180 r.p.m. with a BioShaker BR-22FH 
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V + + Growth with 3 % NaCl 2 2 (+) (Taitec). Growth of the strain was regarded as the utilization of carbon sources, and the following sources were utilized; Values are percentages of total fatty acids. Data for closely related genera were compiled from the same references used in Table 1 . ND, Not detected; ,0.5, detected at less than 0.5 %; and ,1.0, detected at less than 1.0 %.
Fatty acid FAB2
T Thermobacillus Paenibacillus Cohnella Fontibacillus Saccharibacillus Cells are rod-shaped measuring 0.2-0.4 mm in width and 1.0-6.0 mm in length. Oval endospore is formed in swollen sporangia. Aerobic, motile and Gram-stain-positive. Colonies are smooth, circular, and white to pale-yellow in colour. Thermophilic and hydrolyses agar. Requires ammonium but not nitrate, nitrite, urea or glutamate for growth. Weakly positive for catalase activity and positive for oxidase activity. Grows at temperatures between 50 u C and 65 u C at pH 7.5-9.0 with optimal growth occurring at 60 u C, pH 8.0-8.6. Growth is inhibited at pH 7.0 and 2.5 % (w/v) NaCl. Major menaquinone and fatty acids are MK-7 and iso-C 16 : 0 and C 16 : 0 , respectively. The dominant polar lipids are diphosphatidylglycerol, phosphatidylglycerol and phosphatidylethanolamine. Phosphatidylcholine is present in a moderate amount. The diamino acid in the cell wall is mesodiaminopimelic acid. T after separation by twodimensional thin layer chromatography. DPG, diphosphatidylglycerol; PG, phosphatidylglycerol; PE, phosphatidylethanolamine; PC, phosphatidylcholine; GL1 and GL2, glycolipid; PGL, phosphoglycolipid; PL1, PL2, PL3 and PL4, phospholipid; L, lipid.
